Global atmospheric changes carry the potential to disrupt the normal cycing of mercury and its compounds. Acid rain may increase methylmercury levels in freshwater fish. Global warming and increased ultrwvlet radiation may affect the global budget of methylmercury, including its formation and degradation in both biotic and abiotic environments. In this article we review current knowledge on mercury and monomethylmercury with regard to their environmental fate and the potential for human health effects. Recent findings indicate that atmospheric Hg deposition readily accounts for the total mass ofHg in fish, water, and sediment ofLittle Rock Lake, a representative temperate seepage lake in north-central Wisconsin. It is strikingly evident that modest increases in atmospheric Hg loading could lead directly to elevated levels in the fish stock. It is doubtful, given the experimental limitations in many recent studies, that the temporal pattern for Hg emissions, for background atmospheric Hg concentrations, and for changes in Hg depositional fluxes has been identified. Thus, the present and future questions of whether the environmental impact is of local,regional, or hemispheric renmin. Contemporary inveigtions must addres these unportuat q Human eqxpsure to methylmercury in the United States is probably increasing due to increased consumption of fish and fish products. A recent epidemiological investigation indicates high susceptibility to brain damage during prenatal exposures toHg An important objective for future investigation is to establish the lowest effect level for human exposure to methylmercury.
Introduction
Mercury and a variety of its compounds have been in use for several millennia. The applications range broadly from cosmetics, medicinal treatments, and dentistry to paints, electrical apparatus, and batteries. Despite the utility ofa metal that is a liquid at room temperature, elemental Hg (Hg0) and many Hg compounds are toxic, volatile, and readily dispersed through the atmosphere. Indeed, the principal exchange of Hg between terrestrial sources and the marine environment occurs at the airsea interface, rather than by river input. The dominance of atmospheric transport and dispersion of Hg at the surface of the earth is well established (1) (2) (3) (4) (5) (6) (7) (8) (9) . Recent investigations place the total annual Hg flow through the atmosphere in the 5 to 6 x 109 g range (6, (10) (11) (12) . We emphasize that this refined estimate is significantly smaller than the erroneous estimates for natural or "pre-industrial" fluxes, which, unfortunately, were common in earlier mass balance simulations of the global Hg cycle. Thus, the impact from human-related emissions on the natural cycling of Hg in the atmosphere and aqueous reservoirs should be greater than initial modeling suggested. Approximately two-thirds of the total world's yield of Hg has been produced during the twentieth century, and anthropogenic inputs ofHg to the environment have increased about 3-fold since 1900 (13) . The dominant Hg fluxes to the atmosphere are associated with coal and oil combustion, incineration of solid wastes (includes Hg volatilized from discarded batteries), and smelting processes for the production of copper and zinc (14) .
During the past decade, we have learned much about the global atmospheric cycling of Hg, particularly its interactions at the air-water interface. Our work has produced the reasonably wellconstrained model for the mobilization ofHg in the environment that is presented in Table 1 (11, 15) . This analysis suggests conservatively that 30 to 40% ofthe present total annual flow of Hg to the atmosphere could result from human-related emissions. It should be noted that the Nriagu and Pacyna (14) assessment using median values would put the interference from anthropogenic Hg emissions at about 60% ofthe total. Our work also suggests that the oceans may be important natural contributors of Hg in the form of Hg0 to the atmospheric cycle (17, 19) . We are finding a similar water-air partitioning of Hgo for freshwater lakes in north-central Wisconsin. We have suggested that production and eventual evasional losses of Hg°across the water surface to the atmosphere can provide a potential buffering and /or amelioration role in the biogeochemical cycling of Hg in aquatic systems (20) .
Interferences from human-related Hg emissions within the biogeochemical cycle of Hg in natural waters have presented a complex environmental problem. Not only must we worry about the direct impact of certain poisonous Hg compounds, but we must be alert to the potential for Hg species to transform biologically and chemically to the more lethal forms, particularly monomethylmercury (MMHg). Oddly, MMHg, which is more toxic than either Hg0 or other Hg2' species, is the principal form ofHg in fish (3, 21 The bioaccumulation of Hg in freshwater and marine biota (3, 22) is well known, with elevated Hg concentrations (<0. 5 .ug/g wet weight) common in both freshwater and marine organisms, particularly large predators (9, (23) (24) (25) (26) . There have been numerous studies concerned with the environmental cycling ofHg and particularly with the sources and mechanisms leading to the accumulation ofHg in aquatic food chains. Much work has been flawed by inadequacies in analytical technique and the lack of ultra-clean, trace-metal-free protocols that are necessary to properly examine trace constituents in the environment (27) (28) (29) . Although many ofthe essential details remain unclear, it is evident that atmospheric deposition can be an important vector for Hg contmination in natural waters (18, 30, 31 (28, 32, 33 (16) projections for the world trends in human-related Hg discharges as summarized in Figure 1 are ofadditional concern. Current worries about Hg and MMHg in the environment and in fish for human consumption will be exacerbated over the next 25 or 35 years ifthe forecast for increased discharges is correct.
Global Mercury Cycle
A brief overview ofthe global biogeochemical cycling of Hg is necessary to provide the proper scaling and perspective to illustrate both the complexities and the potential low-level, insidious sources leading to the bioaccumulation ofMMHg in fish. The relationship between atmospheric Hg deposition and MMHg present in biota will be further demonstrated and assessed using our current investigations into the atmospheric cycling, air-water transfer, and exchange of Hg in fresh waters of the rural, north-central environs of Wisconsin as a case study.
Marine Biogeochemical Cycling of Mercury
The marine biogeochemical cycle of Hg has presented a formidable analytical challenge. Thus, the accumulation of reliable oceanographic data on the amounts and distribution of Hg in sea water and the determination and understanding of fundamental aspects of the marine biogeochemistry of Hg have been modest (18, 27, 29, 36) . Mercury concentrations in the low picomolar range (< 20 pM) have been reported for the North Atlantic Ocean and Pacific Ocean (18,27,29,36-4(), for surface waters of the North Sea (41), and for the coastal northeast Pacific (42) . These concentrations are much lower than most earlier studies, which suffered from a variety ofcontaminatio'i problems.
Moreover, it is becoming increasingly evident that Hg concentrations in other natural waters such as lakes approach the small concentrations found in sea water (28) . Furthermore, recent oceanographic studies (18, 27, 29, 36, 39, 40) are beginning to reveal patterns consistent with the large atmospheric depositional fluxes and significant particle-reactive behavior predicted for Hg species in sea water. Vertical profiles for Hg from the North [54] [55] [56] [57] [58] [59] [60] .
Moreover, the suggested biogeochemical explanations show some similarities. One striking difference, however, between lacustrine and oceanic Hg speciation is the lack ofevidence for DMHg in fresh waters.
Mercury Cycling in Temperate Lakes
As discussed previously, high levels of Hg are present in piscivorous fishes from low alkalinity lakes in the rural, northcentral Wisconsin environs. Concentrations ofHg (i.e., MMHg) exceeding the state health guidelines of 0.5 lig/g (wet weight) have been reported in gamefish from about 30% ofthe 300 lakes examined (Wisconsin Departnent of Natural Resources and Division of Health, 1987, personal communication). Many of these bodies ofwater are remote from obvious sources ofHg contamination. There is evidence suggesting a linkage between Hg bioaccumulation and lake chemistry, especially pH, alkalinity, and dissolved calcium (25, 35, 58, (61) (62) (63) . A correlation between the Hg concentrations for three age/size classes ofwalleye pike with lake pH and alkalinity is illustrated in Figure 4 . Increases in the Hg accumulation in walleye were inversely related to pH and alkalinity in these lakes. The widespread situation with elevated Hg in fish has created a human health concern and economic dilemma for the sportfishing industry. We are currently participating in the Mercury in Temperate Lakes Program. The multidisciplinary program is examining the processes regulating the aquatic biogeochemistry of Hg in the temperate mid-continent lacustrine environs of north-central Wisconsin. This study, which is supported by the Electric Power Research Institute and the Wisconsin Department of Natural Resources, has enabled us to extend our investigations of the tropospheric chemistry and oceanic cycling of Hg to terrestrial aquatic systems. We are investigating the atmospheric cycle, air-water transfer, and exchange ofHg in these natural waters. Trace-metalfree procedures are used to measure Hg and alkylated Hg species at the picomolar level in air, water, and precipitation. These aquatic systems have Hg concentrations similar to remote, open ocean regions. The total atmospheric Hg deposition of approximately 11 pg/m/year (wet deposition at 70% and dry deposition at 40 %) determined during the first 2 year's (October 1988-September 1990) readily accounts for the total mass of Hg in fish and water in Little Rock Lake (LRL), clear-water seepage lake that is being acidified experimentally (28, 32, 33) . Moreover, the budget is well constrained because the estimated yearly accumulation of Hg in fish, water, and sediments is balanced by atmospheric Hg deposition. Further, this model reveals that the approximate annual net Hg accumulation in LRL biota of 0.06 g can be supplied using < 10% of the yearly Hg deposition (33) . This scaling demonstrates the significance ofatmospheric Hg deposition to the biogeochemical cycling of Hg in temperate seepage lakes. It further illustrates how modest increases in atmospheric Hg loading could lead direcdy to enhanced levels of Hg in biota. This budget, which is illustrated in Figure 5 , has been modified from the initial budget published by Fitzgerald and Watras (28) .
The cycling ofvolatile Hg is quite important, and the evasional fluxes (as noted in Fig. 5 ) are geochemically significant. The volatile fraction in the temperate lakes study consists principally of Hg°under all sampling conditions, with no significant contribution from volatile organic Hg species (detection limit of 10 femtomolar). This situation is different in the equatorial Pacific, where significant levels of DMHg were observed (40) . Atmospheric gaseous Hg, which is principally Hg0, was measured and the air-water partitioning determined. As Vandal et al. (20) report, the lake waters generally have been supersaturated with Hg0 relative to the atmosphere. The flux of Hg0 due to gas evasion is significant, estimated at approximately 7% (treatment basin) and 14% (reference basin) ofthe annual atmospheric input of Hg to LRL (20) . The evasional fluxes of Hg0 across the lake surface can diminish the Hg substrate for methylation, thereby providing a potential buffering and /or amelioration role in the biogeochemical cycling of Hg in lakes.
Analogous modeling for MMHg is as yet limited. However, preliminary data for the atmospheric deposition ofMMHg suggest that this flux is insufficient to account for the amounts of MMHg observed in biota. In-lake synthesis of MMHg is implicated.
Human Exposure and Health Risks from Methylmercury
Human exposure to methylmercury compounds is almost exclusively from the consumption of fish and fish products (65) . Consumption ofmarine mammals is an important source for certain populations.
Estimated intakes of methylmercury for the U.S. population are given in Figure 6 based on population survey ofthe 1960s and 1970s. Given the increasing popularity of fish for dietary and other health reasons, these figures probably underestimate current consumption levels. What is strikingly apparent is the extreme range of consumption. In distinction to lead or cadmuim where these metals are present in virtually all food, methylmercury is restricted to only one class of foodstuffs. Thus, the wide range in consumption basically reflects the wide range in individual fish-eating habits. The associated health risks for a given intake are also indicated in Figure 6 . Methylmercury affects primarily the central nervous system. In severe cases in adults, specific anatomical areas ofthe brain are damaged. Neuronal cells are destroyed, so the damage is irreversible. The first symptom at the lowest doses are complaints ofparesthesias, an abnormal sensation or loss of sensation in the extremities of the hands and feet and circumorally (65) . These effects also are believed to be due to damage to the central nervous system. As indicated in Figure 6 , such effects in nonpregnant adults occur only in the range of extreme intakes. An epidemiological study of Cree Indians in Quebec who were extreme fish consumers suggested that mild neurological changes may have been caused by methylmercury in freshwater fish (67) .
The intake associated with a 5 % risk ofmild neurological effects as indicated in Figure 6 is, in practice, a lowest effect intake. The limitations of the epidemiological studies were such that a risk level below 5 % was not detectable above background variation in the control groups. Thus, a World Health Organization expert group, following current procedures at that time, applied a safety factor of 10 to the lowest effect level to estimate a "tolerable" intake for the general population (68). As indicated in Figure 6 , the "WHO limit" would be exceeded by about 0.1% of the U.S. population-about 250,000 people.
Prenatal life is more susceptible to brain damage from methylmercury as compared to the adult. Methylmercury is believed to inhibit cellular processes basic to cell division and neuronal migration [for review, see Clarkson (69) ]. Cases of severe exposure prenatally can result in massive disruption ofthe developing brain (70) . A follow-up study ofthe population in Iraq exposed to methylmercury added as a fungicide to wheat indicated more subtle effects in prenatally exposed children (71) . These effects manifested themselves as delayed achievement of developmental milestones and abnormal reflexes. These effects appeared at intakes 5 to 10 times lower than those intakes associated with adult exposure (Fig. 6) . Ifa 10-fold safety factor is applied to estimate a new acceptable or tolerable human intake, it is clear from Figure 6 that a substantial fraction of the U.S. population would exceed such a limit.
The Iraqi studies were on people exposed to methylmercury in homemade bread prepared from wheat treated with a fungicide. A critical question is whether or not findings in the Iraqi population can be extrapolated to fish-eating populations. Two epidemiological studies, one on consumers of freshwater fish (72) , the other on consumers ofocean fish (75), have produced findings that tend to support Iraqi data on prenatal exposure. However, all these studies suffer from a small population size so that an accurate lowest effect intake cannot now be established. There is, therefore, a great need for an extensive study on a fisheating population covering the range ofmethylmercury intakes associated with the lowest effect levels estimated from the Iraq outbreak.
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